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INTEGRATED CIRCUIT TESTER USING 10N
BEAM

BACKGROUND AND SUMMARY OF THE
INVENTION

The 1nvention relates to semiconductor devices and
circuits, and, more particularly, to both semiconductor test-
ing.

Many digital semiconductor devices, such as DRAMSs,
SRAMs, A/D converters, and so forth rely on electrical
charge on a capacitive node for storage of a digital signal,
and thus such devices are sensitive to events which transport
unintended charge to the node. For example, naturally
occurring radioactive elements such as uranium and thorium
appear In trace amounts in the packaging materials for
integrated circuits; and these elements decay to release
energetic alpha particles. The alpha particles penetrate the
integrated circuit and create electron-hole pairs. Local elec-
tric fields, such as at pn junctions, can separate the electron-
hole pairs and a net charge pulse 1s collected at a node. Such
a charge pulse can change the state of the node and thereby
cause a soit error.

Experimental testing of alpha particle effects can be
simulated by directing a beam of alpha particles from an
accelerator mto an integrated circuit and checking upon
performance. Such an experimental setup removes the top
(decaps) of an integrated circuit package but does not
attempt to remove any of the protective overcoat of the
silicon die; the alpha particles have sufficient energy (1-5
MeV) to penetrate the patterned layers on the die and pass
well 1nto the silicon substrate. It 1s known to focus an alpha
particle beam to provide detailed analysis of the alpha
particle effects.

Cosmic rays provide another source of unintended charge
effects: high energy (100+ MeV) protons and neutrons of
varying energy can interact with silicon or other nuclei n the
integrated circuit to produce energetic heavy recoil nuclei
which generate electron-hole pairs. FIG. 1 shows the cosmic
ray flux at sea level. O’Gorman, The Effect of Cosmic Rays
on the Soft Error Rate of a DRAM at Ground Level, 41 IEEE
Tr.Elec.Dev. 533 (1994) measures the soft error rate in a set
of DRAM chips due to cosmic rays and concludes that the
soft error rate correlates with the flux of 10-170 MeV
neutrons. Also see Ziegler et al, The Effect of Sea Level
Cosmic Rays on Electronic Devices, 52 J. Appl.Phys. 4305
(1981).

The infrequency of cosmic ray interactions together with
the difficulty of creating high energy neutron beams makes
testing for such effects a problem. Consequently, simulations
have appeared; for example, Shrinivasan et al, Parameter-
Free, Predictive Modeling of Single Event Upsets due to
Protons Neutrons, and Pions 1n Terrestrial Cosmic Rays, 41
IEEE Tr.Nuc.Sci. 2063 (1994) describes a design tool for
assessment of cosmic ray soft errors 1n a chip design.

The present mvention provides a method of testing inte-
orated circuits for cosmic ray induced soft error sensitivity
by use of a heavy 10on beam 1mpacting the integrated circuit
to emulate recoil nuclei that would be created by cosmic rays
interacting with silicon nuclei in the integrated circuit. Thus
a large number of events can be easily generated and provide
fine detail analysis. Further, the heavy 1on beam can be
focussed at partlcular spots on the integrated circuit to
differentiate effects of various deagn choices. Also, the 10n
beam can be blanked so single 1on events can be analyzed

This testing method has the advantage of good emulation
of neutron-silicon recoil mteractions with a simple testing
setup.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawings are schematic for clarity.
FIG. 1 shows cosmic ray flux.
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2

FIGS. 2-b 1illustrate a neutron-silicon interation with a
recoll nucleus and the emulation by an incident fluorine 10n.

FIGS. 3—b show charge generation by various 1ons 1n
silicon.

FIG. 4 shows 1 block format a preferred embodiment
testing setup.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Preferred Embodiment Testing Method

The interaction probability of a high energy neutron with
a silicon nucleus (or possibly an oxygen nucleus) in the
active region of a silicon-based integrated circuit 1s very
small, but each recoil event has a large probability of causing
a soft error. The recoiling, charged silicon nucleus then
cgenerates a large number of electron-hole pairs as 1t travels
through the silicon lattice. If separated by the electric fields
of a pn junction, the electrons and holes can produce
memory errors. Some neutron-nuclear events also knock
pieces from the silicon nucleus (spallation event) so the
recolling heavy-ion can be silicon or one of the elements
immediately lighter than silicon (aluminum, magnesium,
sodium, neon, fluorine, . . . ). The spallation events also may
produce one or more light ions such as hydrogen (including
protons) or helium (including alphas), but these are much
less important because they generate much less charge per
micrometer of travel. Because the recoil 1ons carry a large
clectric charge, they interact strongly with the electrons in
the silicon lattice and stop in a short distance, delivering
much of their energy to the silicon electrons and thereby
generate an mtense burst of electron-hole pairs.

A model for the neutron-silicon interaction presumes
neutron enters a target silicon nucleus and suffers binary
collisons with the protons and neutrons of the silicon
nucleus. After these collisons, one or more neutrons or
protons along with other fragments may emerge. Most
importantly, the excited nucleus recoils from the 1impact and
thus also moves through the silicon substate. The charged
products (protons, alphas, and recoil nucleus) all create
clectron-hole pairs as they dissipate their energy in the
silicon substrate. FIG. 2a heuristically illustrates a MOS
transistor with a cosmic ray neutron (labelled n in the upper
righthand portion) penetrating the channel region and inter-
acting with a silicon nucleus to produce two alpha particles
(labeled ), a proton (labeled p), a neutron (labeled n in
lower lefthand portion), and a fluorine nucleus (labeled F).
The heuristic reaction 1s

n+-°Si =2 Si* = n+p+a+o+ F+y

In the case of a very high energy incoming neutron, a
forward scattered outgoing neutron (or proton) will retain
the majority of the energy. Of course, with a larger recoil
nucleus, such as S1 or Al, there would be no alphas, and with
recoll nucle1 such as Mg or Na, there could be at most one
alpha.

FIG. 2b heuristically shows emulation of the recoil F
nucleus and 1ts electron-pair production in the MOS tran-
sistor by an F nucleus directed into the MOS transistor. In
fact, the following paragraphs illustrate how mmcoming F
nuclei can emulate the electron-hole pair production of all of
the heavy recoil nuclel that arise from 1nteractions of cosmic
ray neutrons (or protons or pions) with silicon nuclei in an
integrated circuit. And the preferred embodiments recognize
and exploit such emulation.

The important parameters for the recoiling nucle1 are 1its
energy, 1ts range, and its rate of electron-hole pair creation.
FIG. 3a shows a comparison of the parameters predicted for
silicon and other slightly-less-charged nuclei that can be
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produced 1n neutron-silicon recoil and spallation events.
When created, an energetic heavy 1on moves along 1ts curve
(toward zero energy and range) losing energy to electron-
hole pair creation at the rates shown 1n FIG. 3a. The arca
under a curve gives the total charge generated. The starting
points (ion travel is right to left in FIG. 3a) corresponding
to a few relevant energies are also marked on the 10n curves.
The bottom curve of FIG. 3a shows the charge generation
for alpha particles; and FIG. 3b shows the charge generated
along the path for two different energy F 1ons and two
different energy alphas. The extremely short stopping dis-
tance and intense charge bursts associated with the heavy
ions imply heavy 1ons can upset memories with much larger
critical charges than can alpha particles. In effect, an alpha
particle with the same energy as a heavy 1on will create
clectron-hole pairs at a lower density over a longer path. On
any given pn junction much less of the charge created by the
alpha will be collected.

FIG. 3a shows the charge generation density for a recoil-
ing silicon nucleus peaks at about 150 {C/um at a depth of
about 8 um and this compares to a peak of 90 {C/um for
fluorine at a depth of 7 um. The 10ns between silicon and
fluorine (neon, sodium, magnesium and aluminum) have
charge generation lying between that of silicon and that of
fluorine. Ions of elements such as oxygen, nitrogen, and
carbon will have charge generation less than that of fluorine
but well above that of alphas, and these 10ons are possible
1ons for use 1n the preferred embodiments. Similarly, 10ns of
clements heavier than silicon will have some what greater
charge generation densities, and could be used; for example,
phosphorus, sulfur, chlorine, argon, potassium, and calcium.
Further, FIG. 3a indicates for an 10n energy of about 3 Me'V,
all of these heavy 1ons have a range of about 3 um and
ogenerate about 150 {C. Consequently, the use of fluorine
ions (or any of these other heavy ions) in charge generation
testing can substitute for the charge generation of all of the
heavy 1ons created in neutron-silicon interactions.

FIG. 4 shows 1n block format a preferred embodiment
testing apparatus 400 as including fluorine ion source 402,
accelerator 404, blanking plates 406, focussing coils 408,
deflecting coils 409, movable stage 410 which has a socket
for a packaged integrated ciruit plus connecting wiring cable
412 to integrated circuit testing equipment 416, and 1on
beam flux measuring device 414. Target integrated circuit
420 1s shown mounted on stage 410. Target 420 can be 1n a
ceramic package with the lid removed or 1in a plastic
encapsulation package which has been decapped or 1n any
other form which can be connected to integrated circuit
testing equipment 416. Ion source 402 could instead gener-
ate S1, Al, Mg, . . . 10ns, but F 10ons are convenient and can
be multiply 1onized (e.g., F*"") which allows for higher
energy 1n a electrostatic accelerator. Accelerator 404 may be
a tandem van de Graaf accelerator. The beam spot may be
produced by focussing or by masking the beam with, for
example, a tantalum mask. A small beam spot (~1 um) is
desirable for precisely locating the beam i1n experimental
testing. Typical accelerators can provide beam currents of up
to 10° ions/um®sec and energies up to 15 MeV for F. If
masking apertures are used, they can also be the interface
between the vacuum of the accelerator and the atmospheric
ambient of target integrated circuit 420. The blanking plates
406 can chop the beam with resolution of less than 1
microsecond; this allows for 1solation of single upset events
and thus detailed analysis. Focussing coils 408 can adjust the
spot size, and detlecting coils 409 can scan the beam on the
target. Also, stage 410 moves target 420 through the 1on
beam with resolution of 0.1 um; target 420 can either be
scanned by the beam or a fixed location can be investigated.
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Target integrated circuit 420 operates under control of
testing equipment 416, and blanking plates 406 and stage
410 can be synchronized with the testing equipment; thus
individual transistors or pn junctions in the integrated circuit
can be subject to thousands of bursts and thereby accurately
analyzed. Ion beam flux measuring device 414 may be a fast
diode which can be inserted into the 1on beam and, after flux
mesurement, withdrawn.

The energy of the 1ons 1n the 1on beam penetrating the
target integrated circuit 1s chosen so that after the 1ons
penctrate the wiring and insulation layers overlying the
silicon substrate, the 1ons will have energy comparable to
that of recoil nucle1 and thereby create the desired size of
charge bursts. Indeed, the critical burst size can be estimated
for a transistor, memory cell, or other device, and testing
apparatus 400 would be used to vary the burst size and 1its
location to determine accurately the soft error sensitivity of
the target integrated circuit design parameters.

If very heavy 1ons, such as 1ron or gold, were used 1n the
accelerator beam, then the charge generation density would
be much higher (more than twice that of silicon ions) and the
charge bursts would not very accurately emulate those of the
expected recoil nucle1 generated by cosmic ray neutron
interactions with silicon. Also, the stopping distance for very
heavy 10ons 1s much less than that of silicon, so the wiring and
insulation overlying an integrated circuit makes control of
the 10n energy upon entering the silicon substrate ditficult.

Modifications and Advantages

The preferred embodiments may be varied 1n many ways
while retaining one or more of the features of the use of a
beam of nucle1 characteristic of cosmic ray neutron-silicon

interactions to emulate soft error events in an integrated
circuit under test.

For example, the deflecting coils could be used to move
the beam location on the target integrated circuit under test
cither separately from or 1 conjunction with the stage that
moves the target. A system that detects electrons, 10ons, or
photons created by the passage of the beam particles could
be substituted for the direct counting to determine the beam
flux. The device under test and stage and deflection coils
could be 1 or out of a vacuum system common to the
accelerator. All of the stage, device testing equipment,
focussing, blanking, and other components could be under
the control of a master computer. Measurements on the
device could be synchronized with known arrival time of the
1ons to exclude noise generated at other times. The 10on beam
may be bent by one or more magnets to msure that only a
single 1sotopic species of 1ons reach the target.

What 1s claimed 1s:

1. A method of testing mtegrated circuits, comprising the
steps of:

(a) directing a beam of ions at an integrated circuit, said
1ons comprision an element having an atomic numbers
in the range of 6 to 20; and

(b) measuring performance of said integrated circuit.
2. The method of claim 1, comprising the further step of:

(a) chopping said beam of ions, whereby the beam of ions
impacts said integrated circuit only during separated
intervals of time.

3. The method of claim 2, wherein:

(a) during one of said intervals of time the number of ions
impacting said integrated circuit 1s less than 3.
4. An 1ntegrated circuit soft error test apparatus, compris-
ng:
(a) an ion beam source, said source providing a beam of
lons comprising an element having an atomic number
in the range of 6 to 20;
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(b) an integrated circuit support with connectors for 5. The soft error test apparatus of claim 4, further com-
connection to an integrated circuit, said support 1n a Prising;:
path of said beam ot 10ns; and (a) a beam chopper in a path of said beam of ions.

(¢) integrated circuit testing equipment coupled to said
connectors. I I
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